SUMMARY A new method for the analysis of small-intestinal crypt-cell kinetics using routine peroral diagnostic biopsies is described. Untreated patients with childhood and adult coeliac disease and adults with the gluten-sensitive enteropathy of dermatitis herpetiformis were studied, together with groups of adult and childhood controls. In the classical flat avillous mucosae the increase in crypt size was found to be three-dimensional. The number of proliferating cells per crypt was shown to be markedly increased, and an even greater rise in the crypt-cell production rate was demonstrated. A significant increase in the mitotic index was also confirmed in the avillous mucosae.
Tyne, England SUMMARY A new method for the analysis of small-intestinal crypt-cell kinetics using routine peroral diagnostic biopsies is described. Untreated patients with childhood and adult coeliac disease and adults with the gluten-sensitive enteropathy of dermatitis herpetiformis were studied, together with groups of adult and childhood controls. In the classical flat avillous mucosae the increase in crypt size was found to be three-dimensional. The number of proliferating cells per crypt was shown to be markedly increased, and an even greater rise in the crypt-cell production rate was demonstrated. A significant increase in the mitotic index was also confirmed in the avillous mucosae. On the basis of these findings it is suggested that the characteristic crypt morphology in glutensensitive enteropathy can be explained as an adjustment to accommodate the expanded mass of proliferating and maturing cells necessary to support the augmented cell production rate. We may speculate that this in turn is a response to a pathologically rapid loss ofcells from the mucosal surface.
With the introduction of peroral biopsy of the small bowel, morphological assessment of the mucosa became a routine investigatory procedure. It was soon confirmed (Bertalanffy and Nagy, 1961 ) that the rapid epithelial turnover already recognized in animals also occurred in the normal human small bowel. Despite early indications that a severe disturbance of mucosal dynamics was present in coeliac disease (Padykula, Strauss, Ladman, and Gardner, 1961) , progress in characterizing this important aspect has been haltingly slow.
Indirect observations have certainly suggested that the rate of mucosal-cell loss in coeliac disease is greatly increased (Pink, Croft, and Creamer, 1970) , and an obvious corollary is that the rate of cell production must be similarly enhanced. Padykula et al (1961) reported an increased mitotic index in coeliac disease, an observation confirmed by Yardley, Bayless, Norton, and Hendrix (1962) . On the other hand Creamer (1962) found a low mitotic index in the crypts of coeliac disease compared with normal crypts, and in one patient demonstrated a slower cell migration rate. These findings were interpreted as indicating a prolonged turnover time with perhaps a defective maturation sequence.
Received for publication 16 May 1973. Booth (1970) in a recent review considered that the bulk of the evidence was in favour of a hyperproliferative state in coeliac disease, and suggested that the characteristic changes in crypt morphology were a direct consequence of 'enteroblastic hyperplasia' compensating for excessive loss of surface enterocytes. This hypothesis, that the characteristic changes in crypt morphology result from an induced change in the functional activity of the crypts, can only be substantiated by detailed analysis of the organization of cell renewal in the flat avillous mucosae of coeliac disease. A factor which should also be taken into account and which may explain some previous discrepancies is the possible heterogeneity of coeliac disease. For example, is the kinetic disturbance similar in the childhood and adult syndromes, and what is therelation of these to the glutensensitive enteropathy of dermatitis herpetiformis?
Hitherto there has been a lack of safe techniques of sufficient sophistication to provide information about the more important proliferative parameters established in experimental animals. We have evolved a technique by which useful data can be obtained from routine peroral small bowel biopsies and have studied cell kinetics in patients with childhood and adult coeliac disease, in cases of dermatitis herpetiformis with a flat mucosa, and in appropriatecontrols.
Materials and Methods

BIOPSY SPECIMENS
All mucosal specimens studied were obtained by peroral biopsy of the duodeno-jejunal region using a modified Crosby capsule. Most biopsies were taken at about the middle of the day in an attempt to exclude diurnal variation of proliferative indices (Sigdestad, Banman, and Lesher, 1969 Cairnie, Lamerton, and Steel (1965a) between the right and left crypt columns was counted as a half (Cairnie et al, 1965a ).
In any sample of small intestinal crypts both in man and in animals considerable variation is found in the height of the crypt columns (Cairnie et al, 1965a; Wright, Morley, and Appleton, 1972a and b) and in calculating the mitotic index as a function of cell position in the crypt column such variation should be taken into account. Plotting the variation in mitotic index with cell position gives a mitotic index distribution curve. Figure 2 illustrates the method of construction. In normal animals Cairnie and Bentley (1967) found differences in the distribution of tritiated thymidine-labelled cells in short and long crypts according to whether the positions of cells were taken relative to the top or bottom of the crypt; clearly the same argument applies to the distribution of mitoses.
In order to compensate for this variation, the data were processed by an ALGOL computer program run on an IBM 360/67 computer. The details of the method are given elsewhere (Wright et al, 1972a and b), but is based on the hypothesis that a crypt cell's location is best described not by its position relative to the top or bottom of the crypt but by its position relative to the total number of cells in the crypt column. Consequently each crypt is projected onto a large standard crypt for the calculation of the mitotic index at each cell position, and then onto a (Lamerton, 1972; compartment Wright et al, 1972b ).
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which occur in coeliac disease may be important in U 3.0 0 E understanding the evolution of the characteristic morphology. The method of analysis described in this paper allows comparative estimates of the proliferative and maturation compartment sizes in terms of the fractional length of the crypt column. Perhaps a more realistic measure of these compartments lies in the actual number of cells which they contain. Wimber and Lamerton (1963) have shown that the product of the column count and the crypt column gives a reliable estimate of the total crypt population. Knowledge of the fraction of the crypt occupied by a particular compartment then allows calculation of the total number ofcells present in that compartment. Inspection of fig 3 shows that a critically important region of the crypt is the transition zone from the proliferative to the maturation compartment, called the 'cut-off region' (Cairnie et al, 1965b) . Changes in the position of this cut-off region will control the size of the proliferative compartment, and therefore the growth fraction, ie, the proportion of crypt cells actually dividing.
Results and Interpretation
The distribution in the height of the crypt columns is shown for the control groups in fig 4 and figure 7 . The adult control curve shows low Im values in the lower cell positions rising from below 0.5 % at cell position 1 to reach a peak of over 5 % between positions 10-15. This peak is followed by a slow return to low values as the maturation compartment is reached.
The growth fraction can be calculated approximately from the mitotic index distribution curve. It is evident that a growth fraction calculated for the whole crypt represents the fraction of the crypt population that is in the proliferative compartment. This is the region over which mitoses are observed and it may be considered to end at approximately the cell position where the Im falls to 50% of its maximum or peak value (Cleaver, 1967) . The maturation compartment then becomes those cells above the cell position where the Im falls to 50% of the maximum value.
In the mitotic index distribution curve for the adult controls the 50% peak value is found at cell peak value is somewhat less than in adult coeliac disease, realizing 1 00 % between positions 10 and 23. done, the 'corrected' mitotic indices indicate even larger differences between the flat mucosa groups and their controls; in the case of adult coeliac disease and dermatitis herpetiformis the corrected mitotic index is more than double the adult control value. Both these conditions show significantly higher mitotic indices than childhood coeliac disease (p < 0O001), but there is no significant difference between adult coeliac disease and dermatitis herpetiformis.
If it is assumed that the duration of mitosis does not differ in the groups studied, and if we further assume that this parameter is one hr, then comparative values for the rate of cell production, the migration rate, and the transit times can be calculated. This assumption is defended in the discussion, and has been explored in subsequent investigations (Wright, Watson, Morley, Appleton, Marks, and Douglas, 1973) .
The birth rate (kb), or rate of cell production by cell division alone, can be calculated from the ratio of the mitotic index (Im) to the mitotic duration (tm Wright et al, 1972a and b) and the efflux past any cell position is equal to the sum of the birth rates up to that position (Cleaver, 1967) . Furthermore, the maximum birth rate attained is equal to the total efflux from the top of the crypt column, and is also equal to the migration rate at any point above which cell proliferation has ceased, since the maturation compartment is a simple transit compartment. Cumulative birth rate curves are shown for the controls in fig 8 and for the flat mucosae in figure 9 . Values for the maximum birth rate attained, or in other words, the migration rate, are shown in table IV. In each coeliac group there is a three-to fourfold increase in migration rate compared with control values, the increase being most prominent in dermatitis herpetiformis and adult coeliac disease. The product of the migration rate and the column count gives an estimate of cell production rate per crypt. (table IV) . The adult control group shows a cell production rate of 25 cells per crypt per hour, increased to some 150 cells per hour in adult coeliac disease and hermatitis herpetiformis. The increase in childhood coeliac disease is smaller but nonetheless considerable.
Migration Rate
Cell Production Rate The transit times through the various compartments can be estimated from the above cumulative birth rate curves by taking the reciprocal of the O. cumulative birth rate at each cell position and summating these values over the relevant portion of the crypt (table V) . The problem of defining the size of the stem-cell compartment has been considered by several investigators (Cleaver, 1967; Wright et al, 1972a and b) . In this investigation an arbitrary delineation of this compartment has been made and stem-cells are regarded as occupying those cell positions with a transit time in excess of 10 hours. In effect this places the first five cell positions of the control groups within this compartment, and also the first five cell positions of the flat mucosa groups. Proliferative-compartment transit time is slightly decreased in both adult coeliac disease and dermatitis herpetiformis while maturation-compartment transit time is similar in both. This similarity in proliferative and maturation compartment transit times between the control and coeliac groups is a reflection of the increased migration rate in the elongated crypts of the flat mucosae. In the childhood controls the transit times are somewhat faster than in the adults, but because of the increased migration rate in childhood coeliac disease, transit times in that and in the childhood controls are similar.
Discussion
The conclusions made possible by this study permit a formalization of current thought on the mechanism of evolution of a flat mucosa in coeliac disease. (Wright et al, 1972a) . But if this response were insufficient to meet a greater loss the proliferating cell mass could be further increased only by crypt enlargement, and this evidently occurs in three dimensions, with a resulting increase in length and girth of the crypts. The relatively large numbers of patients analysed in each group, together with the standardized counting techniques, makes the values obtained for the mitotic indices likely to be particularly valuable statistically. It has been established that there is a significant increase in the mitotic index in the flat mucosa ofgluten-sensitive enteropathy in accord with the observations of Padykula et al (1961) and Yardley et al (1963) . There are, however, certain problems involved in the interpretation of a crude mitotic index, which by itself should not be regarded as a definitive index of proliferative state. It is essential to relate the mitotic index to the proliferating cells only, as the existence of a significant proportion of non-dividing cells will lead to an underestimate of proliferative activity; this is especially important when, as in the present study, comparisons are drawn between cell populations with differing compartmental sizes. When the mitotic index is expressed as a percentage of the proliferating cells only, the increase in the flat mucosa groups then becomes much larger.
The relationship of changes in mitotic index to the rate of cell division (mitotic rate) can be evaluated only if the mitotic duration is known. The increased mitotic indices in the flat mucosa groups reflect an increased rate of cell division only if there is no change in mitotic duration. In the present paper we have assumed that there is no significant change in mitotic duration, and that this parameter is one hr in all groups. Wright, Watson, Morley, Appleton, Marks, and Douglas (1973) have shown that the mitotic duration in normal human jejunum is about one hr, and using this value we have obtained a migration rate of 1.0 cell positions/hr in the adult controls, which agrees exactly with the value of Lipkin (1965) , achieved by direct observation of cells labelled with tritiated thymidine. Wright et al (1973) have shown that the mitotic duration in flat mucosae is also close to one hour.
It is therefore apparent that crypt-cell migration rate is increased in flat mucosae and this, together with the greater number of crypt columns, indicates a five or sixfold increase in cell production rate per crypt. A similar increase has been demonstrated indirectly by measuring the DNA content ofintestinal washings (Pink et al, 1970 ) but a direct comparison would involve estimation of any changes in actual numbers of crypts in the entire small bowel in coeliac disease. The present data further suggest that differences exist in mucosal kinetics in the several gluten-sensitive enteropathy syndromes studied. It would appear that the increase in cell production rate is smaller in childhood coeliac disease than in the two adult groups; between adult coeliac disease and dermatitis herpetiformis there seems to be little difference. Our study has shown some minor changes in the mitotic index of the stem cell compartments and in the sizes of the other kinetic compartments. It should, however, be noted that the increases in cell production rate are very similar.
Corroborative evidence for these conclusions has come from the work of Trier and Browning (1970) ; studying small bowel mucosa maintained in organ culture, they demonstrated that in biopsies from patients with adult coeliac disease increased numbers of crypt cells became labelled on exposure to tritiated thymidine. An increased rate of cell migration was also shown. However, short-term kinetic studies performed in organ culture may be complicated by the apparent dissociation ofrates ofentry into mitosis and into DNA synthesis, possibly as a consequence of explantation (Simnett, 1971) .
Some workers have suggested that one source of difficulty inherent in any morphometric study of small bowel mucosa is the definition of the cryptvillus junction. In practice we have not found this to be important, and in any event the large number of crypts analysed compensates for any minor variation in interpretation. A further difficulty is in the choice of controls. A random normal population cannot readily be defined (Baker, 1972 ) and obviously could not be biopsied. What have been compared here are basically the kinetic differences between villous and avillous mucosae.
To summarize our findings, therefore, we conclude that in the flat mucosa of coeliac disease there is a large increase in cell production rate per crypt. There is also a three-dimensional increase in crypt size, and we propose that these morphological appearances are the result of a hyper-proliferative mucosal adaptation to the need for an augmented cell production rate, namely, the necessity to accommodate the required large numbers of proliferating cells.
There is in these results an apparent anomaly from which a prediction can be made. It will be noted from tables IV and II that in adult coeliac disease there is a sixfold increase in cell production rate, but only a threefold increase in the numbers of proliferating cells. The cells within the proliferative compartment may be dividing faster; that is, there may be a decrease in the cell cycle time, Tc (the interval between two succeeding divisions of a cell). The mitotic index is almost doubled in adult coeliac disease (table III) , and this is related to the cell cycle time thus: The increase in mitotic index could be due to a marked prolongation in the duration of mitosis; we consider this unlikely and anticipate instead a reduction in the cell cycle time in the flat mucosa of gluten-sensitive enteropathy.
